Introduction {#sec1}
============

Breast cancer is a frequently diagnosed female malignancy and one of the most common global cancer types.[@bib1] Breast cancer therapy can be differentiated, according to histologic classifications, and metastatic breast cancer can be treated by hormone therapy if hormone receptors are expressed in tumor tissues.[@bib2] However, breast cancer therapy is retarded by chronic iatrogenic effects of treatment on breast cancer survivors, such as infertility, constant pain, and fatigue.[@bib3]

Cancer-associated fibroblasts (CAFs), which could regulate tumor metastasis by modulating extracellular matrix remodeling and growth factor signaling,[@bib4] are critical elements of surrounding cancer stroma in the microenvironment of tumors. CAFs also own the ability to trigger epithelial-mesenchymal transition (EMT) in breast cancer cells.[@bib5]

Exosomes, small membrane vesicles, ranging from 30 to 100 nm, are produced by many cells and can enter into the extracellular environment by binding to the plasma membrane.[@bib6] Exosomal microRNAs (miRNAs) have been recognized as therapeutic targets and biomarkers of cancers.[@bib7] Exosomal miRNA dysregulation in CAFs links to tumor invasion, metastasis, and poor prognosis.[@bib8] For example, exosomal miRNAs released by CAFs can induce the EMT phenotype and stemness in various breast cancer cell lines.[@bib9] miR-181 family members associate with the drug resistance, tumor formation, and metastasis in breast cancer.[@bib10] Among them, miR-181d-5p correlates with the development of multiple tumors, such as osteosarcoma.[@bib11] However, the detailed role of miR-181d-5p has not been thoroughly clarified in breast cancer.

Caudal-related homeobox 2 (CDX2) is a homeobox protein that associates with the differentiation of intestines in abnormal or normal locations.[@bib12] CDX2 can be mediated by miR-181d in hepatic cells.[@bib13] CDX2 polymorphism has been identified to be related with the susceptibility of breast cancer in Africans.[@bib14] Therefore, we intended to explore the functional relationship of miR-181d-5p and CDX2 in breast cancer.

Predication based on JASPAR (<http://jaspar.genereg.net/>) suggested that there was a binding site between CDX2 and homeobox A5 (HOXA5). The HOX gene family contains a commonly seen homeobox domain and plays a regulatory role as transcription factors.[@bib15] Among them, the aberrant expression of HOXA5 has been found in cancers, indicating its role in tumor formation and progression.[@bib16] More specifically, HOXA5 is intimately correlated with cell-fate transition and breast cancer progression.[@bib17] Our study found that CAF-derived exosomal miR-181d-5p targeted CDX2 and HOXA5 to accelerate breast cancer progression, revealing its potential as a novel therapeutic target for breast cancer.

Results {#sec2}
=======

Low Expression of HOXA5 in Breast Cancer Tissues and Cells {#sec2.1}
----------------------------------------------------------

Gene-expression datasets related to breast cancer [GSE61304](ncbi-geo:GSE61304){#intref0015} and [GSE59247](ncbi-geo:GSE59247){#intref0020} were retrieved from the Gene Expression Omnibus (GEO) database (<https://www.ncbi.nlm.nih.gov/geo/>) for differential analysis of gene expression. 57 upregulated genes and 119 downregulated genes were identified with log fold change (\|logFC\|) \> 2 and a p value \<0.05 as the screening threshold ([Figure 1](#fig1){ref-type="fig"}A). The "clusterProfiler" package was utilized for Gene Ontology (GO) analysis, which obtained gene-enriched items of biological process ([Figure 1](#fig1){ref-type="fig"}B). A previous study has demonstrated that the development of connective tissues (GO: 0061448) is of great predictive value for the prognosis of breast cancer.[@bib18] Thus, genes involved in connective tissue development were chosen for the following study: the p value of the related target genes in [GSE61304](ncbi-geo:GSE61304){#intref0030} was analyzed, and the gene with the lowest p value was selected as the key gene of breast cancer EMT ([Table 1](#tbl1){ref-type="table"}). Quantitative analysis on these three genes found that cartilage oligomeric matrix protein (COMP) and collagen type XI alpha 1 chain (COL11A1) were highly expressed, whereas HOXA5 was poorly expressed in breast cancer ([Figure 1](#fig1){ref-type="fig"}A). Meanwhile, differential analysis on [GSE61304](ncbi-geo:GSE61304){#intref0035} identified the poor expression of HOXA5 in breast cancer ([Figure 1](#fig1){ref-type="fig"}C). Furthermore, qRT-PCR and western blot analysis elucidated that HOXA5 was expressed at a lower level in breast cancer tissues than that in adjacent normal tissues (p \< 0.05) ([Figure 1](#fig1){ref-type="fig"}D). Immunohistochemistry found that HOXA5 was localized in cytoplasm and expressed poorly in breast cancer tissues (p \< 0.05) ([Figures 1](#fig1){ref-type="fig"}E and 1F). Following that, qRT-PCR unraveled that compared with breast epithelial cell line HBL-100, poor expression of HOXA5 was detected in breast cancer cell lines (Michigan Cancer Foundation-7 \[MCF-7\], MDA-MB-231, and MCF10A), with the lowest expression found in MCF-7 (p \< 0.05) ([Figure 1](#fig1){ref-type="fig"}G).Figure 1HOXA5 Is Expressed At a Poor Level in Breast Cancer Tissues and Cells(A) Volcano map of differentially expressed genes in breast cancer. The abscissa represents log10 p value, and the ordinate represents logFC. Red dots represent upregulated genes in breast cancer, whereas green dots represent downregulated genes in breast cancer. (B) GO analysis for gene-enriched items of biological process. (C) Expression of HOXA5 in breast cancer tissues and adjacent normal tissues. (D) qRT-PCR analysis of HOXA5 expression in breast cancer tissues and adjacent normal tissues (n = 122). (E and F) Representative images (400 times) and quantitative analysis of HOXA5 expression in breast cancer tissues and adjacent normal tissues detected by immunohistochemistry (n = 122). (G) qRT-PCR analysis of HOXA5 expression in breast epithelial cell line HBL-100 and breast cancer cell lines (MCF-7, MDA-MB-231, and MCF10A). Data in (D) are measurement data and expressed as the mean ± SD, and comparisons between two groups are analyzed by paired t test. Data in (F) are enumeration data and expressed as number of cases or percentage. Comparisons between two groups are analyzed by chi-square test. Data in (G) are measurement data and expressed as the mean ± standard deviation, and comparisons among multiple groups are analyzed by ANOVA with Dunnett's post hoc test. The experiment is repeated three times. \*p \< 0.05 compared with adjacent normal tissues; \#p \< 0.05 compared with breast epithelial cell line HBL-100.Table 1The Expression of COMP, COL11A1, and HOXA5 in Breast CancerlogFCAverage Expressiontp ValueAdjusted p ValueBCOMP3.080667.0768466.5529791.19E−081.03E−059.624154COL11A14.0043757.1473856.4259021.97E−081.30E−059.148658HOXA5−2.10215.315852−5.097473.38E−060.0003754.317088[^2]

HOXA5 Overexpression Inhibits Proliferation, Invasion, Migration, and EMT and Induces Apoptosis of MCF-7 Cells {#sec2.2}
--------------------------------------------------------------------------------------------------------------

The expression of HOXA5 was altered in MCF-7 cells to investigate the effect of HOXA5 on proliferation, invasion, migration, EMT, and apoptosis of breast cancer cells. At first, qRT-PCR and western blot analysis revealed that cells transfected with the overexpressed HOXA5 (oe-HOXA5) plasmid exhibited higher HOXA5 expression, and those transfected with the short hairpin RNA targeting HOXA5 (sh-HOXA5) plasmid displayed lower HOXA5 expression ([Figures 2](#fig2){ref-type="fig"}A--2C). Next, the 5-ethynyl-2′-deoxyuridine (EdU) assay clarified that overexpression of HOXA5 decreased proliferative cells (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}D). Then, TUNEL staining was employed to measure MCF-7 cell apoptosis, which revealed that overexpression of HOXA5 facilitated apoptosis of MCF-7 cells (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}E). Transwell assay was used to assess MCF-7 cell invasion, which unraveled that HOXA5 overexpression repressed cell invasion (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}F). Afterward, a scratch test on MCF-7 cell migration suggested that no statistical difference was found regarding relative migration distance of cells at 0 h (p \> 0.05). After 48 h, overexpression of HOXA5 narrowed relative migration distance of MCF-7 cells, suggesting that cell migration ability was retarded (p \< 0.05) ([Figure 2](#fig2){ref-type="fig"}G). It was shown by western blot analysis that transfection of the oe-HOXA5 plasmid enhanced expression of E-cadherin and vimentin and weakened expression of N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2 (p \< 0.05) ([Figures 2](#fig2){ref-type="fig"}H and 2I). Hence, HOXA5 overexpression could promote apoptosis and inhibit proliferation, invasion, migration, and EMT of breast cancer cells.Figure 2HOXA5 Overexpression Inhibits Proliferation, Invasion, Migration, and EMT and Induces Apoptosis of MCF-7 CellsHOXA5 was overexpressed or silenced in MCF-7 cells. (A) qRT-PCR to assess HOXA5 expression in MCF-7 cells. (B and C) Western blot analysis of HOXA5 expression in MCF-7 cells. The band intensity is assessed. (D) EdU assay to detect MCF-7 cell proliferation (200 times). (E) TUNEL staining to analyze MCF-7 cell apoptosis (200 times). (F) Transwell assay to detect MCF-7 cell invasion (200 times). (G) Scratch test to detect MCF-7 cell migration (200 times). (H) Western blot analysis of expression of EMT-related proteins (E-cadherin, vimentin, N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2). (I) Statistical histograms of protein expression determined by western blot analysis. The band intensity is assessed. The above data are measurement data and expressed as the mean ± SD. Comparisons between two groups are analyzed by nonpaired t test. The experiment is repeated three times. \*p \< 0.05 compared with the treatment of oe-NC; \#p \< 0.05 compared with the treatment of sh-NC.

Transcription Factor CDX2 Binds with the HOXA5 Promoter and Promotes Expression of HOXA5 {#sec2.3}
----------------------------------------------------------------------------------------

The transcription factors that might bind to HOXA5 were predicted based on JASPAR (<http://jaspar.genereg.net/>), which revealed that transcription factor CDX2 might bind with promoter of HOXA5 ([Figure 3](#fig3){ref-type="fig"}A). Chromatin immunoprecipitation (ChIP) was performed to verify whether CDX2 could combine with the promoter of HOXA5, which revealed that the CDX2 antibody increased the enrichment of the HOXA5 promoter when compared with immunoglobulin G (IgG) ([Figure 3](#fig3){ref-type="fig"}C). qRT-PCR and western blot analysis identified lower CDX2 expression in breast cancer tissues ([Figure 3](#fig3){ref-type="fig"}B). Then, CDX2 was overexpressed or silenced in MCF-7 cells. qRT-PCR and western blot analysis displayed that HOXA5 expression was elevated by overexpressing CDX2 and decreased by silencing CDX2 ([Figures 3](#fig3){ref-type="fig"}D and 3E) (p \< 0.05). Thus, HOXA5 expression was regulated by transcription factor CDX2. Downregulation of CDX2 inhibited HOXA5 expression, and upregulation of CDX2 promoted HOXA5 expression.Figure 3CDX2 Binds to the HOXA5 Promoter to Enhance Its Expression(A) The binding region of CDX2 on the HOXA5 promoter predicted by JASPAR. (B) qRT-PCR analysis of CDX2 expression in breast cancer tissues and adjacent normal tissues (n = 122). (C) The interaction between CDX2 and HOXA5 verified by ChIP. (D) qRT-PCR analysis of CDX2 and HOXA5 expression in MCF-7 cells. (E) Western blot analysis of CDX2 and HOXA5 expression in MCF-7 cells. The above data are measurement data and expressed as the mean ± SD. Comparisons between two groups are analyzed by paired t test (B) and nonpaired t test (C--E). The experiment is repeated three times. \*p \< 0.05 compared with the treatment of oe-NC; \#p \< 0.05 compared with the treatment of sh-NC.

miR-181d-5p Targeted CDX2 {#sec2.4}
-------------------------

To investigate further how CDX2 was regulated in breast cancer cells, differential analysis was conducted on breast cancer-related gene-expression dataset [GSE59247](ncbi-geo:GSE59247){#intref0045}, which screened out 46 upregulated miRNAs and 92 downregulated miRNAs. The first 50 miRNAs with the lowest p value were selected to plot the heatmap of differentially expressed miRNAs ([Figure 4](#fig4){ref-type="fig"}A). The miRNAs that targeted CDX2 were predicted based on TargetScan (<http://www.targetscan.org/vert_72/>), which predicted that miR-181d-5p could target CDX2 ([Figure 4](#fig4){ref-type="fig"}B). miR-181d-5p was also one of the differentially expressed miRNAs in [GSE59247](ncbi-geo:GSE59247){#intref0055}, and a previous study has reported that miR-181d-5p was involved in the occurrence of breast cancer,[@bib10] suggesting that miR-181d-5p might regulate CDX2 in breast cancer.Figure 4CDX2 Is the Target Gene of miR-181d-5p(A) The predicted miRNAs that regulate CDX2. The blue part represents highly expressed miRNAs in breast cancer-related gene-expression dataset [GSE59247](ncbi-geo:GSE59247){#intref0070}, and the green part represents the predicted results from TargetScan. (B) The binding site of miR-181d-5p and CDX2 predicted by TargetScan. (C) qRT-PCR analysis of miR-181d-5p expression in breast cancer tissues and adjacent normal tissues (n = 122). (D) The target relationship between miR-181d-5p and CDX2 verified by dual luciferase reporter assay. (E) qRT-PCR analysis of CDX2 expression in MCF-7 cells. (F and G) Western blot analysis of CDX2 expression in MCF-7 cells. The band intensity is assessed. The above data are measurement data and expressed as the mean ± SD. Comparisons between two groups are analyzed by paired t test (C) and nonpaired t test (D, E, and G). (H) Statistical histograms of protein expression determined by western blot analysis. The experiment is repeated three times. \*p \< 0.05 compared with the treatment of mimic-NC; \#p \< 0.05 compared with the treatment of inhibitor-NC.

The binding site of miR-181d-5p on CDX2 was identified, according to TargetScan ([Figures 4](#fig4){ref-type="fig"}A and 4B). Based on the results from the dual luciferase reporter assay, in the presence of the miR-181d-5p mimic, the luciferase activity of CDX2-wild type (WT) was decreased (p \< 0.05), whereas that of CDX2-mutant (MUT) did not change (p \> 0.05) ([Figure 4](#fig4){ref-type="fig"}D). Besides, the expression of miR-181d-5p was increased in breast cancer tissues ([Figure 4](#fig4){ref-type="fig"}C). After the expression of miR-181d-5p interfered in MCF-7 cells, qRT-PCR and western blot analysis were employed to determine CDX2 expression. It was demonstrated that the miR-181d-5p mimic decreased CDX2 expression, whereas the miR-181d-5p inhibitor elevated CDX2 expression (p \< 0.05) ([Figures 4](#fig4){ref-type="fig"}E--4G). The above findings further proved that the expression of CDX2 was regulated by miR-181d-5p.

CAF-Derived Exosomes Prolonged Proliferation and Antagonized Apoptosis of MCF-7 Cells {#sec2.5}
-------------------------------------------------------------------------------------

To probe the effect of miR-181d-5p on breast cancer, fluorescent *in situ* hybridization targeting RNA (RNA-FISH) and immunofluorescence were utilized to determine miR-181d-5p expression in breast cancer cells (pan- cytokeratin \[CK\] positive) and tumor stroma (α-smooth muscle actin \[SMA\] positive). miR-181d-5p was highly expressed in both breast cancer cells and tumor stroma, with higher expression detected in tumor stroma ([Figure 5](#fig5){ref-type="fig"}A). CAFs and normal fibroblasts (NFs) were isolated from breast cancer tissues and adjacent normal tissues to detect the expression of fibroblast biomarkers. Relative to NFs, the expression of CAF-specific genes, including fibroblast activation protein (FAP); fibroblast-specific protein 1 (FSP1); actin alpha 2, smooth muscle (ACTA2); and CD90, was elevated in CAFs ([Figure 5](#fig5){ref-type="fig"}B). Immunofluorescence staining substantiated that both NFs and CAFs expressed vimentin, and only CAFs expressed α-SMA, the specific marker of CAFs ([Figures 5](#fig5){ref-type="fig"}C and 5D), suggesting the successful isolation of CAFs. It was then found that the expression of miR-181d-5p was higher in CAFs than in NFs ([Figure 5](#fig5){ref-type="fig"}F).Figure 5CAF-Secreted Exosomes Harboring miR-181d-5p Enhance Proliferation and Reduce Apoptosis of MCF-7 Cells(A) The expression of miR-181d-5p in breast cancer cells and tumor stroma detected by RNA-FISH and immunofluorescence. (B) The expression of FAP, FSP1, ACTA2, and CD90 in CAFs and NFs. (C) Immunofluorescence of cellular morphology of NFs and CAFs. (D) western blot analysis of expression of vimentin and α-SMA in NFs and CAFs. The band intensity is assessed. (E) The expression of miR-181d-5p in exosomes secreted from fibroblast. (F) qRT-PCR analysis of miR-181d-5p expression in NFs and CAFs (n = 3). (G) EdU assay to detect MCF-7 cell proliferation (200 times). MCF-7 cells are treated with exosome inhibitor GW4869, CAF-CM, and NF-CM. (H) EdU assay to detect MCF-7 cell proliferation (200 times). (I) TUNEL staining to examine MCF-7 cell apoptosis (200 times). The above data are measurement data and expressed as the mean ± SD. Comparisons between two groups are analyzed by nonpaired t test. Comparisons among multiple groups are analyzed by ANOVA with Dunnett's post hoc test. The experiment is repeated three times. \*p \< 0.05 compared with NFs or NFs-CM; \#p \< 0.05 compared with the control group; &p \< 0.05 compared with CAF-CM.

For the purpose of further studying the effect of CAFs on breast cancer, MCF-7 cells were treated with the culture medium (CM) of CAFs or NFs. EdU illustrated that CAF-CM promoted MCF-7 cell proliferation, whereas NF-CM exerted little effect on proliferation of MCF-7 cells ([Figure 5](#fig5){ref-type="fig"}G). Moreover, the retrieval of the EVmiRNA database (<http://bioinfo.life.hust.edu.cn/EVmiRNA#!/browse>) found that exosomes secreted from fibroblast contained miR-181d-5p ([Figure 5](#fig5){ref-type="fig"}E). Thus, it could be speculated that CAF-derived exosomes carrying miR-181d-5p could promote breast cancer progression. To verify this speculation, exosome inhibitor GW4869 was used to inhibit the production of exosomes from CAFs, and MCF-7 cells were treated with CAF-CM or NF-CM. EdU assay and TUNEL were performed to assess MCF-7 cell proliferation and apoptosis. Relative to NF-CM, cell proliferation was increased, and cell apoptosis was decreased after culture with CAF-CM, which was blocked by cotreatment of GW4869 ([Figures 5](#fig5){ref-type="fig"}H and 5I). Hence, CAF-derived exosomes could promote proliferation and inhibit apoptosis of breast cancer cells.

Exosomal miR-181d-5p Mediates Proliferation and Apoptosis of MCF-7 Cells, in Part, via Downregulation of CDX2 and HOXA5 {#sec2.6}
-----------------------------------------------------------------------------------------------------------------------

To study the effect of exosomes derived from CAFs on breast cancer, exosomes were isolated from CAFs, which presented as uniform circle or oval membranous vesicles under a transmission electron microscope (TEM) ([Figure 6](#fig6){ref-type="fig"}A). The dynamic light scattering detected that the diameter of exosomes ranged from 30 nm to 120 nm ([Figure 6](#fig6){ref-type="fig"}B). Western blot analysis found that both CD63 and heat shock protein 70 (HSP70) were expressed at a higher level in exosome and its supernatant (p \< 0.05) ([Figure 6](#fig6){ref-type="fig"}C). Flow cytometry found that the content of exosome surface marker CD63 was increased (p \< 0.05) ([Figure 6](#fig6){ref-type="fig"}D). The studies above confirmed the successful isolation of exosomes. Then, PKH26 (red)-labeled exosomes were cocultured with MCF-7 cells for 48 h, and red fluorescence was observed in the surrounding area of MCF-7 cells under a confocal fluorescence microscope, suggesting the absorption of CAF-derived exosomes by MCF-7 cells. Therefore, exosomes could transfer from donor cell CAFs to recipient cell MCF-7 cells ([Figure 6](#fig6){ref-type="fig"}E).Figure 6CAF-Secreted Exosomes Harboring miR-181d-5p Facilitate Proliferation, Invasion, Migration, and EMT and Inhibit Apoptosis of Breast Cancer Cells by Repressing CDX2 and HOXA5(A) The identification of exosomes under a TEM (20,000 times). (B) The diameter of exosomes detected by the dynamic light scattering. (C) Western blot analysis of expression of exosome surface markers CD63 and HSP70. Lane 1, extractive exosomes; lane 2, the supernatant of exosomes. (D) Flow cytometry to detect the extent of exosome surface marker CD63. PKH26 (red)-labeled exosomes are cocultured with MCF-7 cells. (E) The uptake of exosomes by MCF-7 cells under an inverted microscope (400 times). (F) qRT-PCR analysis of the expression of miR-181d-5p, CDX2, and HOXA5 in MCF-7 cells. (G and H) Western blot analysis of the expression of CDX2 and HOXA5 in MCF-7 cells. The band intensity is assessed. (I) EdU assay of MCF-7 cell proliferation (200 times). (J) TUNEL staining of MCF-7 cell apoptosis (200 times). (K) Transwell assay of MCF-7 cell invasion (200 times). (L) Scratch test of MCF-7 cell migration (200 times). (M and N) Western blot analysis of the expression of E-cadherin and vimentin, N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2 in MCF-7 cells. The band intensity is assessed. The above data are measurement data and expressed as the mean ± SD. Comparisons between two groups are analyzed by nonpaired t test. The experiment is repeated three times. \*p \< 0.05 compared with exo-mimic-NC; \#p \< 0.05 compared with exo-inhibitor-NC.

Afterward, MCF-7 cells were cocultured with exosomes. qRT-PCR and western blot analysis found out that the exo-miR-181d-5p mimic increased the expression of miR-181d-5p and decreased the expression of CDX2 and HOXA5, whereas the exo-miR-181d-5p inhibitor led to opposite trends ([Figures 6](#fig6){ref-type="fig"}F--6H), suggesting that CAF-derived exosomes carrying miR-181d-5p could transfer to breast cancer cells to regulate the expression of CDX2 and HOXA5. Following that, a series of *in vitro* experiments revealed that the exo-miR-181d-5p mimic increased proliferative cells, enhanced cell invasion and migration abilities, and repressed apoptosis of MCF-7 cells (p \< 0.05), whereas the exo-miR-181d-5p inhibitor resulted in reverse tendency (p \< 0.05) ([Figures 6](#fig6){ref-type="fig"}I--6L). Subsequently, western blot analysis unraveled that the exo-miR-181d-5p mimic led to reduced expression of E-cadherin and vimentin and elevated expression of N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2 in MCF-7 cells, whereas the exo-miR-181d-5p inhibitor induced opposite results (p \< 0.05) ([Figures 6](#fig6){ref-type="fig"}M and 6N). Taken together, CAF-derived exosomes carrying miR-181d-5p could enhance proliferation, invasion, migration, and EMT and suppress apoptosis of breast cancer cells through regulation of CDX2 and HOXA5.

CAF-Derived Exosomes Containing miR-181d-5p Promote EMT in Breast Cancer by Regulating CDX2 and HOXA5 *In Vivo* {#sec2.7}
---------------------------------------------------------------------------------------------------------------

At last, to analyze the impact of CAF-derived exosomes on breast cancer growth and metastasis *in vivo*, nude mice were subcutaneously injected with MCF-7 cells to construct the xenograft tumor model. Then, the nude mice were treated with exosomes overexpressing or silencing miR-181d-5p by tail intravenous injection. Next, the tumor volume and weight of nude mice were measured. The injection of the exo-miR-181d-5p mimic led to faster tumor growth rate and increased tumor weight and volume (p **\<** 0.05), whereas injection of the exo-miR-181d-5p inhibitor led to the opposite results (p \< 0.05) ([Figures 7](#fig7){ref-type="fig"}A--7C). TUNEL staining was conducted to assess cell apoptosis in the xenograft tumor, which found that cell apoptosis was decreased by the injection of the exo-miR-181d-5p mimic and enhanced by injection of the exo-miR-181d-5p inhibitor ([Figure 7](#fig7){ref-type="fig"}D). The above results suggested that CAF-derived exosomes overexpressing miR-181d-5p promoted tumor growth and inhibited apoptosis of breast cancer.Figure 7CAF-Secreted Exosomes Containing miR-181d-5p Accelerate EMT by Inhibiting CDX2 and HOXA5The nude mice are treated with exo-miR-181d-5p mimic or exo-miR-181d-5p inhibitor by tail intravenous injection. (A) The morphology of xenograft tumor in nude mice (n = 6). (B) Tumor volume of xenograft tumor in nude mice (n = 6). (C) Tumor mass of xenograft tumor in nude mice (n = 6). (D) TUNEL staining of cell apoptosis in xenograft tumor of nude mice (200 times). (E) Immunohistochemistry of expression of CDX2 and HOXA5 (400 times). (F and G) Western blot analysis of the expression of E-cadherin, vimentin, N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2 in xenograft tumor of nude mice. The band intensity is assessed. The above data are measurement data and expressed as the mean ± SD. Comparisons between two groups are analyzed by nonpaired t test. Comparisons at various time points are analyzed by repeated-measurement ANOVA (B). The experiment is repeated three times. \*p \< 0.05 compared with the treatment of exo-mimic NC; \#p \< 0.05 compared with the treatment of exo-inhibitor NC.

Immunohistochemistry revealed that injection of the exo-miR-181d-5p inhibitor promoted expression of CDX2 and HOXA5 (p \< 0.05) ([Figure 7](#fig7){ref-type="fig"}E). Afterward, western blot analysis revealed that the exo-miR-181d-5p mimic contributed to decreased expression of E-cadherin and vimentin and increased expression of N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2 in the xenograft tumor, which was reversed by the exo-miR-181d-5p inhibitor (p \< 0.05) ([Figures 7](#fig7){ref-type="fig"}F and 7G). All in all, CAF-derived exosomes containing miR-181d-5p could facilitate EMT of breast cancer cells by regulating CDX2 and HOXA5.

Discussion {#sec3}
==========

Breast is the most intensively studied malignant tumor all over the world, owing to its high occurrence rate among women and the therapy of which remains to be a tough battle on many fronts.[@bib19] CAFs accelerate breast cancer occurrence, growth, metastasis, and invasion.[@bib20] The dysregulation of exosomal miRNAs plays a regulatory role in the initiation and activation of CAFs.[@bib8] Collectively, our study found out that CAF-derived exosomes carrying miR-181d-5p functioned as a promoter in EMT, proliferation, invasion, and migration and an inhibitor in apoptosis of breast cancer cells through CDX2 and HOXA5 reduction.

The initial finding of our study was that miR-181d-5p was highly expressed, whereas CDX2 and HOXA5 were poorly expressed in breast cancer. Consistent with this finding, miR-181d expresses at a high level in luminal breast cancer, which facilitates cell proliferation and cell entry at the S-phase.[@bib10] The expression of miR-181a is higher in metastatic breast cancers, especially in triple-negative breast cancer.[@bib21] Besides, the expression of CDX2 is downregulated in well and moderately differentiated tumors when compared with those poorly differentiated hepatocellular carcinomas.[@bib22] CDX2 is also poorly expressed in colorectal cancer, causing gloomy progression-free survival.[@bib23] Moreover, poor expression of HOXA5 has been detected in multiple breast cancer cell lines.[@bib24] Relative to normal breast tissues, expression of HOXA5 is reduced in almost 70% of breast cancer tissues.[@bib25] In addition, our study unraveled that CDX2 could promote HOXA5 expression by binding to its promoter region, and CDX2 was the target gene of miR-181d-5p. CDX protein was previously reported to interact with regulatory sequences of HOXA5, resulting in the regional expression of HOXA5 along the axial skeleton.[@bib26] Meanwhile, a previous study has reported that CDX2 is modulated by miR-181d.[@bib13]

Additionally, our study showed that HOXA5 overexpression elevated levels of E-cadherin and vimentin, whereas decreased levels of N-cadherin, Slug, Snail1, Twist1, ZEB1, and ZEB2, indicating that HOXA5 overexpression inhibited cell proliferation, invasion, migration, and EMT, whereas promoted cell apoptosis in breast cancer. E-cadherin, N-cadherin, vimentin, Snail, and Twist are known to be related to EMT with various expression levels between tumor tissues and adjacent normal tissues.[@bib27] Interleukin 6 (IL-6) enhanced the EMT of MCF-7 cells, indicated by increased levels of vimentin, N-cadherin, Snail, and Twist, and decreased the E-cadherin level.[@bib28] ZEB1 and ZEB2 are predominant EMT modulators that are positively associated with aggressiveness and EMT in breast cancer.[@bib29] HOXA5 holds back breast cancer initiation and progression by modulating CD24 and E-cadherin.[@bib17] However, the absence of HOXA5 could cause promotion of breast cancer and abnormal regulation of the cell cycle through functional activation of Twist.[@bib30] Chen et al.[@bib31] have found that HOXA5 elevation contributes to breast cancer cell apoptosis. HOXA5 overexpression could repress cell invasion and migration *in vitro* and inhibit metastatic potential *in vivo* in highly invasive, non-small cell lung cancer cells.[@bib15]

What is more, in our current work, we reveled that breast cancer MCF-7 cells could take in exosomes derived from CAFs, which contained miR-181d-5p. Exosomes, small membrane vesicles, can be collected from both normal and cancer cells.[@bib32] Exosomal miRNA has been considered as an attractive biological marker for cancers.[@bib33] For example, the conveyance of miR-9 mediated by exosomes could result in the induction of CAF-like properties in human breast fibroblasts.[@bib34] Moreover, the most intriguing finding in our study showed that CAF-derived exosomes carrying miR-181d-5p induced EMT, cell proliferation, invasion, and migration, whereas impaired apoptosis in breast cancer by downregulating CDX2 and HOXA5. Dysregulation of exosomal miRNAs in CAFs is linked to tumor invasion, migration, and metastasis.[@bib8] For example, the association between exosomal miR-373 and triple-negative and more aggressive breast cancers has been illustrated by Eichelser et al.[@bib35] CAF-derived exosomal miRNAs contribute to the production of the EMT phenotype, as well as stemness in breast cancer.[@bib9]

Taken together, CAF-secreted exosomal miR-181d-5p could facilitate a novel aspect of the treatment of breast cancer patients as result of its promotive effect on EMT, cell proliferation, invasion, and migration and inhibitory effect on apoptosis in breast cancer ([Figure 8](#fig8){ref-type="fig"}). Investigation of CAF-derived exosomes carrying miR-181d-5p yields a better understanding for therapy of breast cancer.Figure 8CAF-Secreted Exosomes Containing miR-181d-5p Promote EMT of Breast Cancer by Regulating CDX2 and HOXA5Exosomes released from CAFs transfer miR-181d-5p into breast cancer cells and target transcription factor CDX2, which inhibits the binding of CDX2 to HOXA5 promoter region to repress HOXA5 expression, thus promoting EMT, migration, and invasion of breast cancer cells.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

Written, informed consent was obtained from all patients prior to the study. Study protocols were approved by the Ethic Committee of Harbin Medical University Cancer Hospital and based on the ethical principles for medical research involving human subjects of the Helsinki Declaration. The animal experiments were performed in strict accordance with the recommendations in the *Guide for the Care and Use of Laboratory Animals* of the National Institutes of Health. The protocol of animal experiments was approved by the Institutional Animal Care and Use Committee of Harbin Medical University Cancer Hospital. The animal experiments were conducted based on minimized animal number and the least pains on experimental animals.

Study Subjects {#sec4.2}
--------------

Breast cancer tissues and adjacent normal tissues were collected from 122 patients who were pathologically diagnosed as nonspecific invasive breast cancer and had received surgical resection in Harbin Medical University Cancer Hospital from April 2014 to August 2017. All patients had not received chemotherapy or radiotherapy or taken any hormonal drugs prior to the operation. There were 81 cases aged \<50 years and 41 cases aged ≥50 years. According to World Health Organization (WHO) grading criteria,[@bib36] 89 cases were diagnosed at grade I + II and 33 cases at grade III. Based on the sixth edition of the tumor node metastasis (TNM) staging criteria of the American Joint Committee on Cancer (AJCC),[@bib37] 72 cases were diagnosed at stage I + II and 50 cases at stage III. Lymph node metastasis was not observed. One part of the specimens was fixed by 10% formaldehyde, dehydrated, embedded in paraffin, and sectioned into 4-μm slices. The remaining part was quickly frozen in liquid nitrogen and preserved at −80°C for RNA and protein extraction.

Immunohistochemistry {#sec4.3}
--------------------

The paraffin sections of breast cancer tissues, adjacent normal tissues, and nude mice xenograft tumor specimens were de-waxed, dehydrated, and retrieved by water bath in antigen-retrieval liquid. Next, the sections were blocked with normal goat serum (C-0005; Shanghai Haoran Biological Technology, Shanghai, China) at room temperature for 20 min. Later, the sections were probed with primary antibody rabbit anti-CDX2 (ab88129, 1:100) and HOXA5 (ab82645, 1:100) at 4°C overnight and then with secondary antibody goat anti-rabbit IgG (ab6785, 1:1,000) at 37°C for 20 min. The above antibodies were purchased from Abcam (Cambridge, MA, USA). After that, the sections were reacted with horseradish peroxidase (HRP)-labeled streptomycin protein working solution (0343-10000U; Yi Mo Biological Technology, Beijing, China) at 37°C for 20 min, colored by diaminobenzidine (DAB) (ST033; Whiga Biosmart, Guangzhou, Guangdong, China), counterstained by hematoxylin (PT001; Shanghai Bogoo Biological Technology, Shanghai, China) for 1 min, blued by 1% ammonium hydroxide, sealed by neutral gum, observed, and photographed under a microscope. Finally, five random fields were selected from each section, and 100 cells were counted in each field. Positive cells \<10% were regarded as negative, 10%≤ positive cells \<50% as positive, and positive cells \>50% as strongly positive.[@bib38]

TUNEL Staining {#sec4.4}
--------------

The sections were de-waxed, dehydrated, and incubated with 50 μL of 1% proteinase K diluent at 37°C for 30 min and with 0.3% H~2~O~2~ methanol solution at 37°C for 30 min to remove endogenous peroxidase activity. After the addition of TUNEL reaction liquid and 50 μL Converter-POD, the sections were incubated in a 37°C wet box away from light for 1 h and 30 min, respectively. Later, the sections were visualized by 2% DAB developing solution at room temperature for 15 min, and the reaction was terminated by distilled water. After that, the sections were counterstained by hematoxylin; dehydrated by 50%, 70%, 90%, and 100% ethanol; cleared by xylene; mounted by neutral gum; and observed under a 400-fold optical microscope. Ten random fields were selected from each section to count the number of positive cells. The ratio of apoptotic cell number to total cell number was viewed as the apoptotic index.

After fixed by 4% paraformaldehyde for 30 min, the cells were treated with 0.3% H~2~O~2~-formaldehyde solution (30% H~2~O~2~:formaldehyde = 1:99) for 30 min and 0.3% Triton X-100 on ice for 2 min. TUNEL reaction mixed liquor was prepared, according to the instructions of TUNEL cell apoptosis detection kit (green fluorescence; C1088; Beyotime Biotechnology, Shanghai, China). Cells were incubated with 50 μL terminal deoxynucleotidyl transferase (TdT) and 450 μL fluorescein-labeled 2′-deoxyuridine 5′-triphosphate (dUTP) solution at 37°C in the dark for 60 min, sealed with anti-fluorescence quenching mounting liquid, and observed under a fluorescence microscope. The excitation wavelength was 450 nm, and the emission wavelength was 550 nm (green fluorescence).

qRT-PCR {#sec4.5}
-------

Total RNA was extracted from breast cancer and adjacent normal tissues or cells by using Trizol kit (15596-018; Beijing Solarbio Life Sciences, Beijing, China). Reverse transcription was conducted according to the instructions of cDNA reverse transcription kit (K1622; Beijing Ya'anda Biotechnology, Beijing, China). β-Actin was used as the internal control, and the relative transcription level of target genes was calculated by the 2^−ΔΔCt^ method.[@bib39] All primers used in this study were synthesized by Takara Holdings (Kyoto, Japan) ([Table 1](#tbl1){ref-type="table"}).

Western Blot Analysis {#sec4.6}
---------------------

Radioimmunoprecipitation assay (RIPA) cell lysis buffer (Beyotime Biotechnology, Shanghai, China) was used to extract breast cancer and adjacent normal tissues or cells. A bicinchoninic acid (BCA) kit (20201ES76; Yeasen Company, Shanghai, China) was utilized to determine protein concentration. After separated by PAGE, the protein was transferred onto the polyvinylidene fluoride (PVDF) membrane. Nonspecific binding was blocked by addition of 5% BSA at room temperature for 1 h. Subsequently, the protein was incubated with primary antibody rabbit anti-human CDX2 (ab88129, 1:2,000), HOXA5 (ab140636, 1:2,000), E-cadherin (ab15148, 1:500), vimentin (ab137321, 1:2,000), N-cadherin (ab18203, 1:100), Slug (ab106077, 1:2,000), Snail1 (ab82846, 1:300), Twist1 (ab50581, 1:2,000), zinc finger E-box-binding homeobox (ZEB)1 (ab124512, 1:3,000), ZEB2 (ab138222, 1:800), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (ab8245, 1:5,000) at 4°C overnight. After rinsing with Tris-buffered saline with Tween-20 (TBST), three times (5 min each), the protein was incubated with HRP-labeled goat anti-rabbit IgG (ab205718, 1:20,000) at room temperature for 1 h and visualized by developing liquid. The protein quantitative analysis was conducted using ImageJ 1.48u software (National Institutes of Health, Bethesda, MD, USA) according to the gray value ratio of target band to that of GAPDH band.

Cell Treatment {#sec4.7}
--------------

Breast cancer epithelial cell lines (MCF-7, MDA-MB-231, and MDA-10A) and human normal breast epithelial cell line HBL-100 were purchased from the cell bank of Typical Culture Preservation Committee of Chinese Academy of Science. The cells were incubated with DMEM, supplemented with 10% fetal bovine serum (FBS) and penicillin/ streptomycin (Gibco by Life Technologies, Grand Island, NY, USA) at 37°C with 5% CO~2~.

Next, MCF-7 cells in the logarithmic growth phase were plated into a 6-well plate (4 × 10^5^ cells/well). When cell confluence reached 70%--80%, the cells were transfected with mimic-negative control (NC), miR-181d-5p mimic, inhibitor-NC, miR-181d-5p inhibitor, oe-NC, oe-HOXA5, sh-NC, or sh-HOXA5, based on the manuals of Lipofectamine 2000 (11668-019; Invitrogen, New York, CA, USA). All of the plasmids were purchased from Shanghai GenePharma (Shanghai, China).

Isolation and Culture of CAFs {#sec4.8}
-----------------------------

The tissue blocks of breast cancer were sectioned into the size of 1 mm^3^ and detached with 0.1% collagenase III (Worthington Biochemical, Lakewood, NJ, USA) and 125 units/mL hyaluronidase at 37°C overnight. The undetached tissues were filtered, and the matrix cells were centrifuged at 178 × *g* for 5 min. The supernatant was resuspended by DMEM containing 10% FBS and cultured at 37°C with 5% CO~2~. The isolation of NFs in adjacent normal tissues was performed similarly.

Extraction and Identification of CAF-Derived Exosomes {#sec4.9}
-----------------------------------------------------

When cell confluence reached 80%--90%, CAFs were cultured with serum-free medium for 24 h. After cells were centrifuged at 2,000 × *g* at 4°C for 20 min, cell debris was removed, and the supernatant was centrifuged at 10,000 × *g* at 4°C for 1 h. The precipitation was suspended by serum-free DMEM containing 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; pH 7.4) and underwent high-speed centrifugation again. After the supernatant was discarded, the precipitation was preserved at −80°C for later use.

30 μL exosomes were added on the copper grid and allowed to stand for 1 min. After that, exosomes were counterstained with 30 μL phosphotungstic acid solution (pH 6.8) at room temperature for 5 min. A TEM was used to observe exosomes following the manuals of the qNano kit (Izon Science, New Zealand).

Then, CAFs derived from exosomes were incubated by 1 mL PBS, supplemented with 1% BSA at room temperature for 30 min to block nonspecific antigen before centrifugation at 178 × *g* for 5 min. After that, the supernatant was discarded, and exosomes were resuspended by PBS. Exosomes were probed with CD63-phycoerythrin (PE) antibody at room temperature for 30 min, centrifuged at 178 × *g* for 5 min, and resuspended by 1% BSA-containing PBS. Afterward, exosomes were loaded and detected by a flow cytometer (Guava easyCyte system). qRT-PCR was performed to determine miR-181d-5p expression in exosomes.

Coculture of CAF-Derived Exosomes and Breast Cancer Cells {#sec4.10}
---------------------------------------------------------

CAFs were treated with exosome inhibitor GW4869 to inhibit the release of exosomes. CAFs were cultured in the 6-well plate at the density of 1 × 10^6^ cells/well. When cell confluence reached 80%--90%, cells were treated with 10% GW4869 (D1692-5MG; Sigma-Aldrich, St. Louis, MO, USA). After 24 h, cells and the supernatant were collected for later use.

CAF-derived exosomes were labeled, according to the instructions of PKH26 (red) dye liquid (MINI67-1KT; Sigma-Aldrich, St. Louis MO, USA) and then cocultured with breast cancer cells, which were inoculated into a 24-well plate for 48 h.

EdU Staining {#sec4.11}
------------

MCF-7 cells were plated into a 96-well plate at the density of 5 × 10^3^ cells/well. After 6 h, the cells were incubated with EdU medium (100 μL/well) for 2 h and fixed with cell stationary liquid, supplemented with 4% paraformaldehyde (100 μL/well) at room temperature for 30 min. The cells were incubated with glycine (2 mg/mL) for 5 min, 100 μL/well penetrant (PBS supplemented with 0.5% Triton X-100) for 10 min, and 1 times Apollo dye reaction liquid (100 μL/well) in the dark for 30 min. After rinsing with 100 μL/well penetrant, three times (10 min each), and 100 μL/well methanol for 5 min, the cells were stained by 1 times Hoechst 33342 reaction in the dark at room temperature for 30 min. After that, cells were sealed with 100 μL/well anti-fluorescence quenching mounting medium and photographed under a fluorescence microscope. Three random fields were selected to count the number of positive cells under a microscope. EdU labeling rate (%) = the number of positive cells/the number of total cells × 100%.

Scratch Test {#sec4.12}
------------

A 10-μL of pipette head was used to scratch a horizontal line in the single layer of cells. Next, cells were incubated with serum-free medium for 24 h and observed under an inverted microscope at the 0^th^ and 48^th^ h. The relative distance of cells on both sides of the scratch was measured: relative migration distance = distance difference/2; relative migration rate = relative migration distance/the distance between the edge and median of the scratch at the 0^th^ h.

Transwell Assay {#sec4.13}
---------------

Transwell chamber (aperture, 8 mm; Corning Glass Works, Corning, NY, USA) containing Matrigel was used to assess cell invasion *in vitro*. The basolateral chamber was balanced with 600 mL DMEM containing 20% FBS at 37°C for 1 h. After 48 h of transfection, the cells (1 × 10^6^ cells/mL) were resuspended in FBS-free DMEM and inoculated into the apical chamber for 24 h at 37°C with 5% CO~2~. Transwell chambers were fixed by 5% glutaraldehyde at 4°C, stained with 0.1% crystal violet for 5 min, and observed under an inverted fluorescence microscope (TE2000; Nikon, Tokyo, Japan). Five random fields were selected to count the number of cells passing through the chamber.

Dual Luciferase Reporter Assay {#sec4.14}
------------------------------

The target relationship, as well as the binding sites between CDX2 and miR-181d-5p, was analyzed, based on biological prediction website <https://cm.jefferson.edu/rna22/Interactive/>, which was verified by dual luciferase reporter assay. The 3′ UTR region of CDX2 containing miR-181d-5p binding sites (CDX2-WT) and the mutant form in which the binding sites were mutated (CDX2-MUT) were inserted into the luciferase reporter vector. 293T cells were transfected with CDX2-WT or CDX2-MUT, together with miR-181d-5p mimic. 48 h later, the luciferase activity was measured following the manuals of the dual luciferase reporter gene assay kit (D0010; Beijing Solarbio Life Sciences, Beijing, China) by the GloMax 20/20 Luminometer fluorescence detector (Promega, Madison, WI, USA).

ChIP {#sec4.15}
----

A ChIP kit (Merck Millipore, Billerica, MA, USA) was utilized to study the enrichment of CDX2 in the HOXA5 gene promoter region. Cells were crosslinked at room temperature for 10 min. After that, an ultrasonic wave was used to fracture DNA. After cells were centrifuged at 4°C, the supernatant was collected, which was, respectively, incubated with positive control antibody RNA polymerase II, NC antibody normal IgG, and target protein-specific rabbit antibody HOXA5 (ab82645; Abcam, Cambridge, MA, USA) at 4°C overnight. Protein agarose/Sepharose was used to precipitate an endogenous DNA-protein compound, which was de-crosslinked at 65°C overnight. Phenol/chloroform was utilized to extract, purify, and recycle DNA fragments. Quantitative real-time PCR was applied to detect the enrichment of the HOXA5 promoter region.

FISH {#sec4.16}
----

The expression of miR-181d-5p in tumor stroma and nests was detected by the FISH kit (Roche, Basel, Switzerland). Digoxin-labeled pan-CK and α-SMA probes, as well as the miR-181d-5p probe, were purchased from Sigma-Aldrich (St. Louis, MO, USA). The fluorescence images were captured using the laser confocal scanning microscope (FV1000; Olympus, Tokyo, Japan).

Xenograft Tumor in Nude Mice {#sec4.17}
----------------------------

Thirty female BALB/c mice (aged 3--5 weeks, weighing 15--20 g; Shanghai Experimental Animal Center of Chinese Academy of Science) were fed in a specific pathogen-free (SPF)-grade clean layer with a barrier system at 24--26°C and the relative humidity of 40%--60%. Ultraviolet radiation was conducted indoors at regular intervals, and the cage, padding, drinking water, and fodder were all sterilized under high pressure. Next, MCF-7 cell suspension was adjusted into 1 × 10^6^ cells/mL by PBS, 50 μL of which was subcutaneously injected into the right side of mice. After 1 week, 24 successfully modeled mice were treated with exo-mimic NC, exo-miR-181d-5p mimic, exo-inhibitor NC, or exo-miR-181d-5p inhibitor by tail-vein injection (six mice each group), 5 days a week. After 36 days, the mice were euthanized by pentobarbital sodium (100 mg/kg, P3761; Sigma-Aldrich, St. Louis, MO, USA), and the tumor was isolated. A ruler was used to record the minor axis (a) and major axis (b) of the tumor, and tumor volume was calculated according to the formula π(a2b)/6. The tumor weight was measured by a scale. At last, the tumor tissues of nude mice were fixed by 10% formaldehyde, dehydrated, embedded in paraffin, and sectioned into 4 μm of slices.

Statistical Analysis {#sec4.18}
--------------------

All data were preceded using SPSS 21.0 software (IBM, Armonk, NY, USA). If the data were consistent with normal distribution and homogeneity of variance, then the measurement data were presented as the mean ± SD. Comparisons between two groups were analyzed by independent t test, comparisons within groups were analyzed by paired t test, comparisons among multiple groups were analyzed using one-way ANOVA with Dunnett's post hoc test, and comparisons of data at various time points were analyzed by repeated-measurement ANOVA with Dunnett's post hoc test. A value of p \< 0.05 was considered statistically significant.
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